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Abstract
Mesohabitats are visually distinct areas within a stream that provide habitat
heterogeneity and increase invertebrate diversity. As such, mesohabitats represent an
important spatial scale that underpins the emergent properties, ecology, and ecosystem
structure and function of a stream. Within a Western Michigan stream, woody debris,
macrophyte beds, and organic matter pools, were examined to determine if visual
distinction also relates to a significant difference in abiotic and biotic parameters.
Habitats were sampled from July, 2010 – June, 2011 for chemical-physical characteristics
including velocity, temperature, pH, conductivity, turbidity and organic matter. Biotic
sampling occurred during the same time span and included benthic chlorophyll-a and
invertebrates. Principal components analysis (PCA) revealed that conductivity,
temperature, and pH effect mesohabitats in similar ways and that mesohabitat types are
characterized most strongly by water velocity and particulate organic matter (POM).
Total POM was highest in pools and macrophyte beds with mean amounts of 5,800 (SE
± 530) g·m-2 and 1,935 (SE ± 346) g·m-2 respectively. Chlorophyll-a concentrations
were not significantly different among mesohabitats. Invertebrate sampling revealed
greater richness and diversity within macrophytes beds and woody debris compared to
pools. Macrophytes had the highest mean invertebrate densities (18,3881 ind·m-2 SE±
41,741) and mass (14.54 g·m-2 SE±3.05). Chironomidae densities dominated all habitat
types with one macrophyte bed sample surpassing 600,000 ind·m-2. When not including
Chironomidae numbers, similarity of percent (SIMPER) results show Gammarus as the
v

most dominant taxa separating habitats, and Baetis and Simulidae as the second and third
most dominant taxa. Invertebrate assemblages significantly separated in
multidimensional space with assemblages in woody debris correlating most strongly with
higher water velocities, organic matter pools correlating most strongly with total POM,
and macrophytes falling in-between the two. Based on these results, I propose three
conclusions for Michigan sand-dominated streams: 1) that riparian trees, through the
addition of woody debris, and macrophytes beds are acting as ecological engineers
through the retention of POM, changes in stream velocity, and likely changes in stream
morphology, 2) that mesohabitats are distinct in both abiotic and biotic factors and may
prove beneficial as a patch scale for management implications, and 3) that mesohabitat
heterogeneity, especially macrophyte beds and woody debris, is important for
invertebrate abundance and diversity within sand-dominated streams.
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Introduction
Lotic habitats are considered disturbance-driven ecosystems and differ markedly
in abiotic characteristics in both time and space. The resulting biotic communities can be
sampled on various spatial and temporal scales. The scale at which sampling should be
undertaken is typically determined by the life history of the organism(s) studied as well
as the questions of interest (Pringle et al. 1988). Thus life-history and underlying
research questions help establish patch size. For example, a study examining the
dynamics of invertebrate-algae interactions would be conducted on the microhabitat
patch scale (e.g. single rocks or individual macrophytes), while a study investigating the
transport of energy from periphyton to the next trophic level may be conducted on the
patch size of an entire riffle.
Mesohabitats are defined by Armitage et al. (1995) as unique habitats that are
visually distinguishable from the bank, that are caused by local hydrological and
geomorphological processes. In a sand dominated system that has limited habitat
heterogeneity, mesohabitats provide a patch size relevant to invertebrate life history and
provide an appropriate patch size for answering ecological questions. In a low order sand
dominated stream, the available mesohabitats are likely to be sandy runs, woody debris,
pools, and possibly macrophyte beds. Both woody debris and macrophyte beds can have
a large affect on both stream morphology and macroinvertebrate communities (e.g.
Shields & Smith 1992; Clarke 2002; Benke & Wallace 2003; Phillips 2003).

It can be argued that riparian trees and macrophytes act as a type of ecosystem
engineer within the stream. As defined by Jones et al. (1994), an ecosystem engineer is
an organism that changes the availability of resources to other species through the
modification of abiotic or biotic resources through their own living or dead tissues
(autogenic engineers) or through the modification of environmental materials from one
state to another (allogenic engineers). Not only do trees affect the structure of the stream
bank through stabilization and erosion reduction (Wynn et al. 2004), the presence of their
branches or main stems (living or dead) within a stream reach can have significant effects
on the environment. Woody debris in a stream reduces velocity (Wallace, Webster, &
Meyer 1995) and increases retention time of FPOM and CPOM (Bilby & Likens 1980;
Bilby 1981; Hauer 2006). When woody debris is present in a stream structural diversity
is increased (Kail 2003). Wallace et al. (1995) found that the addition of wood initiated a
change in invertebrate community due to the change in sediment dynamics and water
velocities creating two distinct communities in areas with woody debris and areas
without. Aquatic macrophytes also engineer though modifying water velocity, increasing
both sand and POM deposition, and helping to stabilize the substrate (Carpenter & Lodge
1986; Sand-Jensen 1998; Wharton et al. 2006). In addition, the presence of macrophytes
at intermediate biomass levels is associated with increased invertebrate density, diversity,
and biomass (Gregg & Rose 1985; Collier, Champion, & Croker 1999). In Cedar Creek,
both woody debris and macrophyte beds act as autogenic engineers by modifying the
environment and changing the available resources for invertebrates through changes in
water velocity causing changes in sediment and organic matter depositional patterns.
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Whereas most mesohabitats are semi permanent, two mesohabitats, sandy runs
and macrophyte beds, are highly dynamic. Sand mesohabitats are unstable and are
avoided by most invertebrates, resulting in lower diversity and standing stock biomass,
though density and production still may be high due to midge larvae (e.g. Benke et al.
1984). On the other hand, seasonal growth and senescence of aquatic macrophytes
occurs in a predictable fashion and this ebb and flow creates unique patch dynamics.
Macrophyte mesohabitats create patches that interact with surrounding mesohabitats on a
spatial and temporal scale. Invertebrate production within a macrophyte bed not only
depends on the growth of the plants, but the ability of other habitats to provide “stock”
animals to inhabit the fresh growth of macrophytes.
Not only is the mesohabitat scale appropriate for addressing ecological questions
in a sand dominant stream, it may be an appropriate patch size for bioassessments.
Bioassessments are often based on a patch size set at a larger scale. For example the
United States Environmental Protection Agency protocol for rapid bioassessment
recommends two sampling methods (Barbour et al. 1999). One method samples only the
dominant habitat, and the other method (called the multihabitat approach) recommends
sampling in all the dominant habitats and pooling the samples for analysis, as does the
method outlined by Carter et al. (2007). However, sampling larger patches may not
allow researchers to distinguish important changes happening within the system. For
example, changes within large patch sizes might be occurring on such a long temporal
scale as to be barely noticed (Minshall 1988). Conversely, sampling at the microhabitat
level is often unfeasible, and changes may not be easily perceived. Sampling at the
mesohabitat scale offers a compromise between microhabitat and reach scale assessment.
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Through greater ecological understanding of mesohabitats comes greater
understanding of stream dynamics and the potential of more informed management
decisions. Armitage et al. (1995) demonstrated that the invertebrate community within
the mesohabitats of a lowland chalk stream remains distinct from one another throughout
the year and Tickner et al. (2000) showed differences in invertebrate communities
between mesohabitats were greater than differences between reaches. Knowing the
invertebrate assemblage within a mesohabitat in a particular system allows for quick
appraisal of environmental changes and the effect on invertebrate abundances and
production. Knowledge of mesohabitat structure and functions can aid in predictions
concerning the consequences of human induced stream disturbance (Armitage & Pardo
1995) and allow managers to maximize habitat diversity which in turn maximizes desired
faunal assemblages (Tickner et al. 2000) including invertebrates and the fish that feed
upon them.
The sand-dominated streams of West Michigan provide an opportunity to
examine mesohabitats with an eye towards both ecological function and importance, but
also the functionality of using mesohabitats as the patch size for management decisions.
Cedar Creek in Manistee National Forest was used as a study site due to its similarity to
these common stream types. Large reaches of Cedar Creek consist of a mosaic of habitat
types that can be easily distinguished as mesohabitats. The purpose of this study was to
determine if these mesohabitats differ in both abiotic and biotic parameters. With this in
mind, the following was hypothesized: 1) each mesohabitat will contain a unique fauna
of macroinvertebrates due to the influences of hypotheses 2 and 3, 2) mesohabitats will
show differences in abiotic characteristics, specifically macrophyte beds and pools will
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have higher levels of particulate organic matter and lower stream velocities than woody
debris, and finally, 3) chlorophyll-a production will be highest on woody debris and
lowest within pools. Objectives involved both ecological and management applications
as follows.
1. Assess the biotic and abiotic characteristics of three distinct mesohabitats
within Cedar Creek.
2. To use differences in biological characteristics and physiochemical to
infer mesohabitat function, in particular food web structure and nutrient
spiraling.
3. Using biotic and abiotic characteristics, to assess the feasibility of using
mesohabitats as a patch size appropriate for stream management and
bioassessment.

Study Site
Cedar Creek is a low-gradient third-order stream located in Manistee National
Forest, Muskegon County, Michigan, that empties into the Muskegon River (Ogdahl et
al. 2010) (Figure 1). The study reach runs 100 meters north of the Sweeter Rd. bridge
(43° 19' 57.5754", 86° 8' 1.7154") and consists of several mesohabitats including Elodea
macrophyte beds, organic matter pools, woody debris, and sandy runs. The riparian zone
is consistently wet and is composed of large number of alder trees and an oak and maple
forest (Figures 2 & 3). The creek ranges in depth from shallow riffles to pools that
exceed 2 m in depth and has a range of daily temperatures from a low of -0.10 ºC during
the winter months to a high of 21.95 ºC during the summer months. Discharge ranges
from a minimum of 0.40 m3·s-1 to 3.96 m3·s-1 and a mean of 1.03 m3·s-1.
5

Figure 1. Cedar Creek Watershed. Cedar Creek and its major tributaries with the study
reach highlighted.
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Figure 2. Study reach of Cedar Creek, Manistee National Forest, Muskegon County,
Michigan in early March. Large arrow indicates a tree that is also seen in Figure 3.
Smaller arrow represents the thalweg and direction of flow.

7

Figure 3. Study reach of Cedar Creek, Manistee National Forest, Muskegon County,
Michigan in early April during a high water event. Large arrow indicates a tree that is
also seen in Figure 2. Smaller arrow represents the thalweg and direction of flow. The
inset shows simulids and hydropsychids attached to woody debris.
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Methods
Mesohabitat and Sampling Site Selection
Macrophyte beds, pools, woody debris, and sandy run mesohabitats were chosen
by visibly assessing the stream for the most common habitat types. Macrophyte beds
were easily identified based on the presence of Elodea plants and the more stable
substrate. For the purpose of this study, pools were identified by low water velocity, a
depositional organic matter surface layer, and their location along the stream banks. The
organic matter pools did not necessarily have deep water, and are in fact often shallower
than the sandy runs. Woody debris consisted of woody branches, approximately > 2 cm
in diameter, extending, or originating, below the water surface during base flow. Branch
diameters were visually estimated to be larger than 2 cm. Habitat edges were avoided
when sampling to avoid mixing mesohabitat communities.
Sampling locations within each habitat type were randomly selected each
sampling date. For the purpose of collecting physical and chemical data, organic matter,
and invertebrates, macrophyte beds were assigned a number 1 through 22. Using a
random number table, three beds were chosen for sampling on each date. The sandy run,
woody debris and pool mesohabitats closest to the selected macrophyte beds were also
sampled. Sites that were sampled on the previous sampling date or destroyed by
hydrology changes or human intervention were excluded from sampling. A total of 3
macrophyte beds were destroyed due to hydrology changes or human intervention during
the study period.
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Invertebrate Sampling
Invertebrates were sampled every month with the exception of January and
February due to below freezing temperatures and shelf ice (Table 1). However, due to
time constraints only July, October, December, March, and May invertebrates were
analyzed. Similarly, sandy runs were sampled along with macrophyte beds, organic
matter pools, and woody debris but were not sorted due to time constraints with the
exception of July. Macrophyte beds, organic matter pools, and woody debris were
sampled 3 times each sampling event for a total of 45 samples over the 5 months.
Habitats were randomly chosen for sampling using the same method used for abiotic
parameters. All samples were collected from downstream to upstream to eliminate any
invertebrate drift bias. Pools and Elodea beds were sampled using two 7.7 cm diameter
PVC cores that were combined to make one sample. Woody debris was sampled in two
ways. A 250 µm, 25.0 cm diameter net was placed over the end of the debris and the
branch was scrubbed with a coarse brush. If it was impossible to fit the net over the
woody debris, then a Surber sampler (250 µm mesh) was held against the woody debris
while it was scrubbed. In order to save processing time in the lab, core samples were
elutriated in a bucket and organic matter and invertebrates were decanted into a 53 µm
net before being placed in a sample bottle. The remaining sand was spread to a thin layer
within a white pan and visually examined for invertebrates. Substrate determined to be
invertebrate free by visual inspection was returned to the river. All invertebrate samples
were preserved using 4% formalin. Samples were either sorted completely or subsampled in the lab. Samples were rinsed through stacked 1 mm and 250 µm sieves.
Large organic pieces were examined under a magnification of 10x for attached
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invertebrates and then removed from the sample. Smaller substrate was placed in a white
pan and examined without magnification for large and uncommon invertebrates.
Remaining invertebrates and substrate were placed in a plankton splitter and divided into
no smaller than 1/8 sample portions. Sub samples were sorted under 10x magnification
until a minimum of 100 chironomids were counted (Merritt et al. 2008). Invertebrates
were identified to a mixed taxonomic level, usually family and genus, using various
sources (Peckarsky et al. 1990; Wiggins 1996; Merritt et al. 2007; Bright n.d.). In
addition, invertebrates were placed in functional feeding groups (FFGs) based on Merritt
et al. (2007) or based on food source as described in Peckarsky et al. (1990) for
amphipods and isopods as shredders and Delorme (2010) for ostracods as collectorgatherers. However, amphipods can be considered omnivores in that they brows on a
variety of substances found on vegetation including algae, animals, and organic matter
(Macneil et al. 1997; Smith 2001).
To estimate standing stock invertebrate mass, invertebrates were placed into
0.1mm or 1mm size classes and fitted to length-mass relationships published in Benke et
al. (1999). When possible, genus level equations were used. In the absence of genus
level length-mass relationships, family level (e.g. genus Neoplasta, family Empididae) or
order level (e.g. Family Ephydridae, Order Diptera) relationships were used. Two genus
level length-mass relationships for ostracods found in Anderson et al. (1998) were
meaned as in Benke et al. (1999) to produce the equation:
M = 39.01·L 2.29
where M = mass (µg) and L = length (mm).
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Elodea plants collected during sampling were measured for surface area in order
to estimate the abundance of invertebrates per plant surface area (m2). Three leaves were
randomly removed from three plants per sample, totaling 135 leaves, and measured for
surface area using a Nikon Digital Sight DS-Fi1 microscope camera and NIS-Elements D
3.00 software. These were averaged to determine a mean leaf surface area for all
samples. Four plants from each sample were measured for length and number of leaves
for a total of 60 plants. The number of leaves per plant was transformed into total surface
area using the calculated mean leaf surface area. Linear regression was used to develop a
length surface area equation for Elodea plants.
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Table 1. Schedule of sampling dates. Chemical physical parameters include dissolved
oxygen, pH, temperature, turbidity, and near-substrate velocity and were taken on the
same days as invertebrate sampling. Invertebrates were collected for 10 months but were
only analyzed for 5 (indicated by an *). POM = Particulate organic matter, Chl-a =
chlorophyll-a.
Month

Day(s)

Invert+Chem/Phys

July*

27, 28

X

August

18, 19

X

September

5
18, 19

October*

POM

X
X

19

X

16, 17

X

November

13, 14

X

December*

11, 12, 14

X

14
March*

April

X
X

7
12, 13

X
X

17
May*

17, 18

June

30
28, 29

X

X

6
7, 8

Chl-a

X
X
X
X

13

X

Chemical-Physical Characteristics
Dissolved oxygen, pH, temperature, turbidity, and near-substrate velocity were
recorded within 3 of each mesohabitat type approximately every 4-5 weeks from July
2010 to June 2011 depending on weather and water levels (Table 1). Dissolved oxygen,
pH, temperature, and turbidity were measured using a YSI 6920 V2-1 sonde and velocity
was determined using a Marsh-McBirney Flo-mate™ model 2000 positioned
approximately mid habitat and 2 cm above the substrate. Due to calibration issues,
dissolved oxygen numbers were not included in the analysis. Temperature was measured
continuously for 12 months within one macrophyte bed and within one pool using a
Hobo® Water Temp Pro V2 senor. The macrophyte temperature logger had to be moved
on November 20th due to a hydrology changes caused by an entrapped piece of woody
debris that occurred sometime between November 13th and 20th that resulted in the loss of
the macrophyte bed. Temperature and pressure were measured for 12 months using a
Hobo® U20Water Level Data Logger mounted within the thalweg. The temperature
within woody debris was assumed to correspond with the temperature near the thalweg
and was not continuously measured. Temperature data analyzed ranged from JulyMarch, due to logger malfunction, and loss of data. Discharge was assessed during
various flow levels using a SonTek Flow Tracker® and regressed with water pressure to
calculate continuous discharge during non-sample dates.
Woody debris larger than 15 cm in circumference was measured for length and
circumference to determine the mean surface area for each individual wood section.
Woody debris with a circumference less than 15 cm was placed into one of three size
classes by visual estimation: < 5 cm, 5 – 10 cm, or 10 – 15 cm. Woody debris within
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these size classes was enumerated and measured for length to determine surface area.
Macrophyte bed and pool surface area were determined by measuring the habitat lengths,
several widths, and hand drawing the habitat shape. Shapes and dimensions were
analyzed using ImageJ (Rasband 1997) to determine surface area. Total reach surface
area was determined by diagramming multiple stream widths, 100 m of stream length,
and stream curvature (as determined by topo map) into ImageJ.

Organic Matter
Organic matter was sampled within each habitat in September, October, March,
April, and June (Table 1). Shelf ice prevented sampling from mid December until early
March. The substrate of Elodea beds, organic matter pools, and sandy runs were sampled
10 cm deep using a 4.0 cm inner-diameter PVC core sampler. Organic matter collected
on woody debris was gently brushed, so as not to remove any of the woody debris itself,
into a 53 µm net with a 25 cm diameter opening. Woody debris was then measured for
circumference and length to determine total area sampled. All samples were placed in
plastic bags and stored on ice until frozen in a -20 ºC freezer that same day.
In the lab, organic matter samples were separated into four size classes: coarse
particulate organic matter (CPOM) (> 1 mm), fine particulate organic matter (FPOM) (1
mm – 250 µm), FPOM_2 (250 µm - 63 µm) and ultra fine particulate organic matter
(UFPOM) (63 µm – 0.41 µm). The proportion of organic matter smaller than 63 µm was
determined by filtering 200-400 mL of the rinse water through a pre-ashed (510ºC for 4
hours) glass-fiber filter and then scaled for the total amount of rinse water. Woody debris
UFPOM was not quantified due to losses through sampling nets. Invertebrates were
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removed from samples prior to drying at 60 ºC for 24 hours. Organic matter was then
cooled in a desiccator, and mass determined (Smock, Metzler, & Gladden 1989). CPOM
and FPOM were ashed at 550ºC for 4 hours (Smock et al. 1989) and UFPOM at 510ºC
for 4 hours (Wanner et al. 2002) then cooled in a desiccator before massing a second time
to determine the amount of combustible carbon.

Chlorophyll-a
Chlorophyll-a was determined within each habitat in October, December, April
and June (Table 1). Five sites were randomly chosen for the placement of artificial plants
within macrophyte beds and attached to woody debris two months in advance of
sampling for chlorophyll-a. Plastic fish tank plants and small wooden dowels (1.0 cm
diameter x 15 cm long) were secured using metal rods in macrophyte beds as a surrogate
for plants and larger wooden dowels (2.9 cm diameter x 25 cm long) were attached to
woody debris to provide a quantifiable sampling surface. Three of the 5 sites were
randomly chosen for sampling on each date. Chlorophyll-a in macrophyte beds was
sampled using two methods. First, an artificial leaf was removed and scraped top and
bottom to remove attached algae and then kept for surface area analysis using a Nikon
Digital Sight DS-Fi1 microscope camera and NIS-Elements D 3.00 software. Second, a
syringe (2.6 cm diameter) with the tip removed was used to take a sediment core, of
which the top 6 mm of substrate was removed for chlorophyll-a analysis. Substrates in
organic matter pools and sandy runs were sampled using the same syringe method, and
woody debris was sampled by scraping a known area of the attached dowel. Samples
were filtered in the field using a glass-fiber filter, placed into a centrifuge tube and stored

16

on ice in the dark. Upon return to the lab, samples were frozen at – 20 ºC for no longer
than 28 days as suggested by Standard Methods (Eaton et al. 2005). Below freezing
temperatures in December made filtering in the field impossible. Instead, entire samples
were removed, stored on ice and in the dark, processed in the lab and then frozen on the
same day as sampling. Loss of macrophytes due to senescence and artificial plants due to
high water flow made Chlorophyll-a measurements from artificial Elodea impossible in
April and June.
Samples were thawed in a dark room, and 10 mL of 90% buffered acetone was
added to each sample and stored at 1 – 2 ºC for approximately 24 hours. Samples were
then centrifuged and analyzed using a Turner Designs 10 AU fluorometer.

Statistical Analysis
When necessary, data were log10 or log10(x+1) transformed to meet assumptions
of normality and homogeneity. Due to the high numbers of chironomid midges and the
possibility of masking ecologically relevant results, analysis was completed both
including and excluding chironomids. All statistical analyses were performed using R,
version 2.14.2 (R Development Core Team 2011) except the analysis of similarities
(ANOSIM) which was performed using PAST (Hammer, et al. 2001).
Principal component analysis (PCA) was performed on a correlation matrix of all
abiotic data collected during September, October, March, April, and June except DO
which was excluded due to issues with calibration that prevented comparisons between
sample dates. Assumptions of multinormality were not met (Shapiro-Wilk test for
multinormality, p=0.004) , however this assumption is less stringent when the goal of

17

analysis is descriptive and not inferential (McCune, Grace, & Urban 2002). One-way
analysis of variance (ANOVA) was performed on mean daily temperatures, mesohabitat
organic matter size classes (except UFPOM), chlorophyll-a levels, and invertebrate
metrics when data was normal. For all significant differences (α=0.05), a TukeyHSD
(Honestly Significant Difference) was performed with p-values adjusted for multiple
pairwise comparisons in R. For data that were not normally distributed, a Kruskal-Wallis
rank sum test was performed followed by a multiple pairwise comparison based on the
Bonferroni procedure.
To determine if there were differences in invertebrate assemblages between
mesohabitats, nonmetric multidimensional scaling (NMDS) was run for 50 permutations
using Bray–Curtis dissimilarity. The NMDS results were plotted using 2 dimensions
determined by stress values of a random start configuration scree plot. An ANOSIM was
performed using 999 permutations to determine if differences among mesohabitats were
significant. A vector fitting procedure was used to determine which environmental
variables correlated with the ordination. POM sample dates did not always correspond
with invertebrate samples and thus were matched to invertebrate samples in order of
collection date. Similarity Percentage (SIMPER) was used to determine which taxa and
FFGs were most responsible for observed differences between habitats.

Results
Invertebrate sampling
In July, sandy runs were found to have lower taxa richness, total density,
diversity, and evenness compared to macrophytes, organic matter pools, and woody
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debris. Sandy runs were also lower in Chironomidae and Oligochaeta densities than
macrophytes and organic matter pools, but not woody debris (Table 2). Sandy runs
produce the highest percent of invertebrate densities compared to the other habitats when
adjusted for total habitat surface area within the 100 m reach (Figure 4). However, the
percent invertebrate density in sandy runs is less than the percent available habitat. In
contrast, organic matter pools, macrophyte beds, and woody debris have invertebrate
densities in excess of their respective habitat availability (Figure 4).
When coded for habitat type, NMDS results for July showed points from the same
habitat tended to group together demonstrating assemblages within individual habitat
types were similar (Figure 5). ANOSIM results showed significant (p < 0.001, Global R
= 0.82) with Chironomids included indicating distinct macroinvertebrate assemblages for
each mesohabitat.
Samples from sandy runs were sorted and analyzed for July only. This was based
in part on time constraints, an analysis of the data from July described above, and on a
review of the literature that supported our results showing sand substrates often contain
lower invertebrate densities, diversity, and standing stock biomass(Benke et al. 1984;
Huryn, et al. 2008). Thus, the remaining results focus on three mesohabitats;
macrophyte beds, organic matter pools, and woody debris.
Chironomidae density was highest in all habitats vs. other macroinvertebrates and
was significantly higher in macrophytes compared to pools and woody debris (F2,42=
20.21, p<0.001)(Figure 6). Taxon richness and invertebrate density had similar patterns
when including and excluding chironomids. Macrophyte and woody debris taxon
richness were similar while macrophyte invertebrate densities far surpassed both woody
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debris and pools (Tables 3 & 4, Figure 7A). Including chironomids in the analysis
greatly reduces invertebrate diversity and evenness, but increases mass, especially in
macrophytes (Table 3). When chironomids are removed from analysis, diversity is
higher in macrophytes and woody debris, though not significantly. Evenness is relatively
the same among all the habitat types, and invertebrate mass is significantly higher in
macrophytes compared to pools, but not woody debris (Table 4).
Pools occupy the largest percentage of habitat within the reach and macrophytes
the least when not taking into account sandy runs and Elodea surface area (Figure 8A).
When standing stock biomass is multiplied by available habitat within the reach,
substrate area for pools and macrophyte beds, and woody debris surface area, pools
remain the largest contributor, but at a lower percentage. However, percent of mass
contribution in woody debris remains approximately the same and macrophytes increase
by approximately 15% (Figure 8B).
Mean individual Elodea leaflet surface area (top and bottom surface combined)
equaled 38.64 mm2. Linear regression analysis resulted in a length-surface area equation
(adjusted R2 = 0.56) of
SA = aL+b
where SA = surface area, L = plant length, a = 2.47 (SE ± 0.28) and b = 3.61 (SE ± 1.48),
where “a” represents the slope, and “b” the intercept. Plant surface area within collected
samples continually decreased from July – March and then increased in May (Figure 9).
When invertebrate densities are adjusted for macrophyte surface area, there was no
significant difference between habitat types (F2,42= 0.79, p=0.460). If Chironomids are
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removed from the analysis, woody debris and pools supports a significantly higher
density of invertebrates than macrophytes (F2,42= 3.92, p=0.027) (Figure 7B).
When coded for habitat type, NMDS results showed points from the same habitat
tended to group together demonstrating assemblages within individual habitat types were
similar (Figure 10). ANOSIM results were significant including and excluding
Chironomids (p < 0.001, Global R = 0.52 and p < 0.001, Global R = 0.74, respectively)
indicating distinct macroinvertebrate assemblages for each mesohabitat. Vector fitting
showed significant correlation with total POM and velocity when Chironomids were both
included and excluded, and also with temperature when Chironomids were excluded
(Table 5). To examine whether replicate samples were grouped or not in multivariate
space, convex hulls were created (Figure 11) using the same data as in figure 10B.
Applying convex hulls does not indicate significance, it only aides in visualizing sample
distance in multidimensional space. Smaller polygons suggest samples on a particular
date are more similar to one another than samples contained within a larger polygon. The
convex hulls suggest that invertebrate assemblages within individual woody debris
samples are more similar to one another than samples in pool and macrophyte replicates
(Figure 11).
Habitats were dominated by chironomids when they were included in SIMPER
results, thus I excluded chironomids from analysis for both density and functional feeding
groups (FFGs). Excluding chironomids, Gammarus, Baetis, and Simulidae contribute
most of the differences between macrophytes vs. pools and macrophytes vs. woody
debris, and all three habitats combined (Table 6 and Table 7). When woody debris is
compared to pools, Ceratopogonidae, Baetis, and Hydropsyche (Ceratopsyche) are the
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strongest drivers (Table 7). When comparing habitats using FFGs, collector filterers,
shredders and collector-gatherers are responsible for over 80% of dissimilarity between
all comparisons with the exception of woody debris vs. pools where predators become an
important driver of dissimilarity (Table 8 & Table 9).
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Table 2. Comparison of habitat invertebrate taxon richness, total density, Shannon’s diversity (H’), and
evenness (J) including Chironomids (mean ± SE) for all habitats including sandy runs for the month of July.
Kruskal-Wallis rank sum test followed multiple pairwise comparison method used here is based on the
Bonferroni procedure and One-way analysis of variance followed by a TukeyHSD. Significance is
indicated by different lowercase letters (α = 0.05).
Taxa
Richness

Total Density
(ind·m2)

Shannon’s
Diversity

Evenness

Chironomidae
(ind·m-2)

F3,8= 7.06
p=0.012

F3,8= 11.95
p=0.003

X2= 6.44
p=0.092

X2= 6.65
p=0.084

F3,8=4.64
p=0.037

Macrophytes

14 (2.6)ab

49746 (10384)a

1.34 (0.15)a

0.51 (0.02)a

24157 (1401)a

12204 (2348)a

Pools

9 (2.1)ab

18359 (4822)ab

1.33 (0.29)a

0.61 (0.09)a

11631 (5244)ab

5476 (1836)a

14629 (4365)bc

1.52 (0.05)a

0.54 (0.04)a

4864 (2945)b

188 (188)b

5168 (1118)c

0.12 (0.04)a

0.08 (0.02)a

5066 (1127)ab

242 (103)b

Habitat

Woody Debris 17 (2.1)a
Sandy Runs

5 (0.6)b

* Oligochaeta is not included in total invertebrate density.
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Oligochaeta*
(ind·m-2)
F3,8=25.88
p<0.001

Figure 4. Available habitat and percent invertebrate densities by habitat for the month of July. Figure A is the percent of each type of
habitat sampled within the 100 m reach. Figure B is the percent of invertebrate Total Density (Table 2) adjusted for the available
amount of habitat in the study reach. Figures are not adjusted for macrophyte leaf surface area.
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Figure 5. Nonmetric multidimensional Scaling (NMDS) of invertebrate samples taken in
Jul, coded by habitat. ANOSIM p < 0.001, Global R = 0.82.
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Figure 6. Chironomidae density within three sampled mesohabitats. The boxes represent
the first quartile, median, and third quartile. One-way analysis of variance followed by a
TukeyHSD (F2,42= 20.21, p<0.001). Significance is indicated by different lowercase
letters (α = 0.05).
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Table 3. Comparison including Chironomidae of habitat invertebrate taxon richness, total
density, Shannon’s diversity (H’), evenness (J), and standing stock biomass (mean ± SE)
for the months of July, October, December, March, and May in Cedar Creek, MI.
Kruskal-Wallis rank sum test followed multiple pairwise comparison method used here is
based on the Bonferroni procedure and One-way analysis of variance followed by a
TukeyHSD. Significance is indicated by different lowercase letters (α = 0.05).

Habitat

Macrophytes
Pools
Woody Debris

Taxa
Richness

Total Density
(ind·m2)

Shannon’s
Diversity

Evenness

Mass
(g·m-2)

F2,42= 16.05
p<0.001

F2,42= 25.15
p<0.001

X2= 9.82
p=0.007

X2= 14.67
p<0.001

F2,42= 9.14
p<0.001

13.4 (1.1)a

183881 (41741)a

0.79 (0.11)a

0.31 (0.04)a

14.54 (3.05)a

7.5 (0.6)b

36840 (10138)b

1.08 (0.11)ab

0.54 (0.05)b

4.57 (0.83)b

14.7 (1.1)a

31495 (6389)b

1.29 (0.04)b

0.49 (0.01)b

6.17 (1.31)b
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Table 4. Comparison excluding Chironomidae of habitat invertebrate taxon richness, total
density, Shannon’s diversity (H’), evenness (J) and standing stock biomass (mean ± SE),
for the months of July, October, December, March, and May in Cedar Creek, MI. Oneway analysis of variance followed by a TukeyHSD. Significance is indicated by different
lowercase letters (α = 0.05).

Habitat

Macrophytes
Pools
Woody Debris

Taxa
Richness

Total Density
(ind·m-2)

Shannon’s
Diversity

Evenness

Mass
(g·m-2)

F2,42= 16.05
p<0.001

F2,42= 9.77
p<0.001

F2,42= 3.04
p=0.059

F2,42= 2.77
p=0.073

F2,42= 8.75
p<0.001

12.4 (1.1)a

25952 (3600)a

1.55 (0.10)a

0.63 (0.03)a

10.18 (1.91)a

6.5 (0.6)b

9748 (1293)b

1.29 (0.08)a

0.71 (0.04)a

3.32 (0.83)b

13.7 (1.1)a

12792 (2305)b

1.57 (0.09)a

0.61 (0.03)a

5.71 (1.21)ab
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Figure 7. Invertebrate densities in mesohabitat types excluding Chironomidae. Boxes represent the first quartile, median,
and third quartile. One-way analysis of variance followed by a TukeyHSD. Significance is indicated by different lowercase
letters (α = 0.05). A: Invertebrate densities without adjusting for macrophyte surface area (F2, 42 =9.77, p<0.001). B:
Invertebrate densities adjusting for macrophyte surface area (F2, 42 =3.92, p=0.027).
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Figure 8. Sampled habitat area and percent invertebrate standing stock mass by habitat. Figure A is the percent of each type of habitat
sampled. Figure B is the percent of invertebrate mass adjusted for the available amount of habitat in the study reach. Figures are not
adjusted for macrophyte leaf surface area.
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Figure 9. Elodea leaf surface area within each monthly invertebrate sample taken from
the macrophyte mesohabitat. The boxes represent the first quartile, median, and third
quartile. One-way analysis of variance followed by a TukeyHSD (F4, 10 =21.33, p<0.001).
Significance is indicated by different lowercase letters (α = 0.05).
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Figure 10. Nonmetric multidimensional Scaling (NMDS) of invertebrate samples taken in July, October, December, March, and May,
coded by habitat type and plotted with significantly correlating environmental variables (Table 5): Vel = Velocity, TOM = Total
particulate organic matter, Temp = Temperature. Plot A is calculated with Chironomidae; Plot B is calculated without Chironomidae.
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Table 5. Correlation results for vectors fitted to Figure 10 A & B.
Vector fitting was performed with the ECODIST package in R
version 2.14.2 (R Development Core Team 2011). Axis 1 and
Axis 2 represent the variable correlation with the specific axis and
the r value represents the maximum correlation of the variable to
multivariate space. Figure A includes Chironomidae, Figure B
does not include Chironomidae.

Environmental Variables
Figure A

Axis 1

Axis 2

Velocity

0.09

-1.00

0.74

0.001

Total POM

0.31

0.95

0.51

0.001

Temperature (not plotted)

0.02

-1.00

0.27

0.191

Axis 1

Axis 2

-1.00

0.28

0.85

0.001

Total POM

0.61

-0.79

0.82

0.001

Temperature

-0.63

-0.78

0.56

0.001

Environmental Variables
Figure B
Velocity
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r

r

p-value

p-value

Figure 11. Nonmetric multidimensional Scaling (NMDS) of invertebrate samples taken
in July, October, December, March, and May, coded by habitat type. The plot in Figure
12B has been fitted with convex hulls to connect replicate samples taken within the same
habitat and same sample month. The plot is calculated without Chironomidae data.
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Table 6. Analysis of similarity percentage (SIMPER) for invertebrate taxa with all habitats pooled.
Analysis represents which taxa are driving the dissimilarity between all habitat types. Chironomidae
are not included in the analysis.

35

Macrophytes, Woody Debris, and Pools: Overall Dissimilarity: 84.67%
Taxa

% Contribution

Density (ind·m-2)
Macrophytes
Pools
Woody Debris

Gammarus (Gammaridae)

17.98

7810

2230

163

Baetis (Baetidae)

15.72

4000

35

3100

Simulidae

12.11

3880

0

2630

Ceratopogonidae

11.92

2030

3190

28

Hydropsyche (Ceratopsyche)
Hydropsychidae)

10.44

2100

0

3060

Ostracoda

6.06

1190

1520

10

Chematosphyche
(Hydropsychidae)

6.02

1070

7

1980

Pisidium (Mullusca)

4.66

558

1310

0

Ephydridae

3.86

1830

0

77

Caecidotea (Asellidae)

3.09

327

1050

10

Ephemerella (Ephemerellidae)

2.00

336

0

624

Lype (Psychomyiidae)

1.11

0

14

362
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Table 7. Analysis of similarity percentage (SIMPER) for invertebrate taxa with pairing individual habitat types.
Analysis represents which taxa are driving the dissimilarity between habitat types. Subscripts indicate which
habitat contained the higher density of each individual taxon: ma = macrophytes, po = pools, wd = woody debris.
Chironomidae are not included in the analysis.
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Macrophytes vs. Pools
Overall Dissimilarity: 77.65%
Taxa
% Contribution
Gammarus
21.91ma

Macrophytes vs. Woody Debris
Overall Dissimilarity: 78.71%
Taxa
% Contribution
Gammarus
23.98ma

Woody Debris vs. Pools
Overall Dissimilarity: 98.01%
Taxa
% Contribution
Ceratopogonidae
15.37po

Baetis

17.17ma

Baetis

16.81ma

Baetis

13.69wd

Simulidae

12.79ma

Simulidae

13.31ma

Hydropsyche
(Ceratopsyche)

13.47wd

Ceratopogonidae

12.25po

Hydropsyche
(Ceratopsyche)

8.74wd

Simulidae

10.60wd

Ostracoda

6.95po

Ceratopogonidae

7.31ma

Gammarus

10.05po

Ephydridae

6.37ma

Chematosphyche

6.60wd

Ostracoda

7.84po

Hydropsyche
(Ceratopsyche)

5.70ma

Ephydridae

5.87ma

Chematosphyche

7.83wd

Pisidium

4.72po

Ostracoda

2.96ma

Pisidium

6.68po

Caecidotea

3.58po

Ephemerella

2.17wd

Caecidotea

4.38po

Chematosphyche

3.14ma

Pisidium

2.10ma

Ephemerella

2.67wd

Ephemerella

0.97ma

Lype

1.35wd

Lype

1.75wd

Dicranota

0.71ma

Caecidotea

0.98ma

Maccaffertium

0.75wd
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Table 8. Analysis of similarity percentage (SIMPER) for invertebrate functional
feeding groups (FFGs) with all habitats pooled. Analysis represents which FFGs are
driving the dissimilarity between all habitat types. Chironomidae are not included in
the analysis.

Taxa

Macrophytes, Woody Debris, and Pools
Overall Dissimilarity: 65.60%
Density (ind·m-2)
%
Contribution
Macrophytes
Pools
Woody Debris

Collector Filterer

31.36

7720

1320

7740

Shredder

30.01

10000

3310

406

Collector-Gatherer

20.97

5620

1720

3850

Predator

15.46

2350

3290

255

Scraper

2.20

196

93

549
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Table 9. Analysis of similarity percentage (SIMPER) for invertebrate functional feeding groups (FFGs) with paired
individual habitat types. Analysis represents which FFGs are driving the dissimilarity between habitat types.
Subscripts indicate which habitat contained the higher density of each individual FFG: ma = macrophytes, po =
pools, wd = woody debris. Chironomidae are not included in the analysis.

Macrophytes vs. Pools

Macrophytes vs. Woody Debris

Woody Debris vs. Pools

Overall Dissimilarity: 63.09%

Overall Dissimilarity: 64.78%

Overall Dissimilarity: 68.94%

Taxa

% Contribution

Taxa

% Contribution

Taxa

% Contribution

Shredder

34.42ma

Shredder

36.93ma

Collector Filterer

37.86wd

Collector Filterer

26.30ma

Collector Filterer

29.38wd

Predator

21.48po

Collector-Gatherer

23.28ma

Collector-Gatherer

22.01ma

Shredder

19.46po

Predator

15.05po

Predator

9.46ma

Collector-Gatherer

17.88wd

Scraper

0.96ma

Scraper

2.22wd

Scraper
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3.32wd

Chemical-Physical Characteristics
The thermal regime in woody debris was significantly cooler than pools (Table
10). Maximum and minimum temperatures were recorded in July and February,
respectively, both values within woody debris (Table 10). The mean yearly stream
temperature calculated using data collected within the macrophyte beds (the only probe
that did not experience data loss or below freezing temperatures) equaled 9.71 ºC.
Discharge reached a maximum of 3.96 m3·s-1 in February 2011and a minimum of 0.40
m3·s-1 in August 2010. Yearly mean discharge was 1.03 m3·s-1 (Table 10).
Sand bottom runs accounted for the largest portion of available habitat, while
macrophyte beds accounted for the least amount of available habitat (Figure 12A). When
Macrophyte beds were adjusted for leaf surface area using mean plant density and length,
the available habitat within macrophyte beds nearly triples (Figure 12B).
For the PCA analysis the first three principle components (PCs) were considered
for interpretation based on the Jolliffe cutoff value that requires only Eigenvalues > 0.7
be considered (Jolliffe 1972, 2002) (Table 11). However, only the first two were plotted
for ease of interpretation (Figures 13 & 14). When the third PC is plotted, no new
relationships were revealed and interpretation of the plot became more difficult. PCA
analysis revealed that temperature, pH, and conductivity had the strongest loadings in
PC1, velocity and total organic matter had the strongest loadings for PC2, and turbidity
had the strongest loading for PC3 (Table 11). PC1, PC2, and PC3 explain a cumulative
proportion of 83 % variance (Table 11). When data were coded for month, data
separated along PC1 and formed groups for each sample month demonstrating monthly
trends aligned with temperature and conductivity vectors (Figure 13). When coded for
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habitat type, mesohabitats showed some separation in multivariate space with pools
falling with increasing total POM, woody debris and runs falling with increasing
velocities, and macrophytes falling on both sides of PC2 in nearly equal amounts (Figure
14).

Table 10. Habitat temperature (July 2010 – March 2011) and stream discharge (July 2010 –
June 2011). Numbers in parenthesis represent SE. Kruskal-Wallis rank sum test followed
multiple pairwise comparison method used here is based on the Bonferroni procedure.
Significance is indicated by different lowercase letters (α = 0.05).

Habitat

Minimum Temp. (ºC)*
X2=7.86, p=0.020

Maximum Temp. (ºC)*
X2=1.05, p=0.593

Mean Temp. (ºC)
X2=3.24, p=0.198

Macrophyte

0.72 (0.33)ab

19.87 (0.38)a

8.06 (0.35)a

Pool

0.30 (0.34)a

18.91 (0.38)a

8.02 (0.36)a

-0.10 (0.36)b

19.95 (0.42)a

7.50 (0.38)a

Woody Debris

Minimum
Maximum
Mean
0.40 m3·s-1 (Aug 1)
3.96 m3·s-1 (Feb 19)
1.03 (0.00) m3·s-1
* Numbers represent actual minimum and maximum temperatures, not the means.
Discharge
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Figure 12. Percent available habitat surface area. A: Percent available habitat not accounting for estimated macrophyte surface area.
B: Percent available habitat including estimated macrophyte surface area based on mean plant density and length.
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Table 11. Abiotic PCA eigenvectors based on rotation with accompanying eigenvalues,
proportion of variance and cumulative proportion explained. Only the first three PCs
were considered for interpretation based on the Jolliffe cutoff value (Eigenvalue = 0.7)
(Jolliffe 1972, 2002). Only the first two PCs were plotted for ease of interpretation
(Figures 5 & 6).

PCA Element

PC1

PC2

PC3

PC4

PC5

PC6

-0.22

0.64

0.30

0.11

-0.65

-0.10

Temperature

0.51

0.25

0.21

0.54

0.32

-0.47

Conductivity

-0.62

-0.20

0.03

-0.06

0.13

-0.75

pH

-0.49

0.04

-0.24

0.74

0.17

0.35

Turbidity

-0.18

-0.18

0.89

-0.01

0.25

0.28

0.19

-0.67

0.10

0.38

-0.59

-0.11

Eigenvalues

2.29

1.58

1.06

0.66

0.31

0.10

Proportion of Variance

0.38

0.26

0.18

0.11

0.05

0.02

Cumulative Proportion

0.38

0.65

0.82

0.93

0.98

1.00

Velocity

Total Particulate Organic
Matter
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Figure 13. PCA plot of environmental data obtained during five sampling sessions, 3
habitat types, and 3 samples in each habitat. Shapes are coded to represent sampling
months. Vectors are based on scaled data and represent: Vel = velocity, pH = pH, Cond
= conductivity, Turb = turbidity, Temp = temperature, TOM = total particulate organic
matter. Samples months show separation along the Cond and Temp vectors (strongest
loadings in PC1) indicating these variables are affecting habitats in similar ways each
sampling event.
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Figure 14. PCA plot of environmental data obtained during five sampling sessions, 3
habitat types, and 3 samples in each habitat. Shapes are coded to represent sampled
habitats. Vectors are based on scaled data and represent: Vel = velocity, pH = pH, Cond
= conductivity, Turb = turbidity, Temp = temperature, TOM = total particulate organic
matter. Habitat samples show separation along the TOM and Vel vectors (strongest
loadings in PC2) with organic matter pools having higher amounts of TOM and woody
debris having higher stream velocities. Elodea macrophyte beds have levels of organic
matter and stream velocities that fall in-between woody debris and organic matter pools.
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Organic Matter and Chlorophyll-a
Organic matter levels were different between macrophytes, pools, and woody
debris (Table 12). Sandy run organic matter levels were lower than pools and higher than
woody debris, but not significantly different than macrophytes (Table 12). However,
pools contained the highest levels of organic matter in all size classes followed by
macrophytes, sandy runs, and finally woody debris. When percent POM is calculated
for each size class, organic matter pools contain the highest levels of organic matter in the
250 µm – 63 µm range, macrophytes and sandy runs have the highest levels in the 1 mm
- 250 µm range, and woody debris has the highest level in the >1 mm size class (Table
13).
Contrary to my prediction, chlorophyll-a did not significantly differ between
habitat types when pooling the sample months (Table 14). Chlorophyll-a levels on
artificial macrophytes were much lower than on macrophyte substrate samples in October
and December and values ranged from 8.1 (SE ± 0.8), 12.2 (SE ± 4.1) and 38.3 mg·m-2
(SE ± 11.0) on artificial macrophytes, small wooden dowels, and macrophytes substrate
samples respectively (Table 14).
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Table 12. Mean organic matter (SE) g·m-2 for each habitat type including Sandy Runs. Kruskal-Wallis rank sum test
followed multiple pairwise comparison method used here is based on the Bonferroni procedure and One-way analysis
of variance followed by a TukeyHSD. Significance is indicated by different lowercase letters (α = 0.05). Total POM =
total particulate organic matter; CPOM = course particulate organic matter, FPOM = fine particulate organic matter,
FPOM1 & FPOM2 = FPOM divided into two size classes, UFPOM = ultra fine particulate organic matter.

Total POM*

CPOM
>1 mm

FPOM
1 mm-63 µm

FPOM1
1 mm-250 µm

FPOM2
250 µm -63 µm

UFPOM
63 µm - 0.41 µm

Χ2=50.40
P<0.001

F3,56 = 15.91
p<0.001

Χ2=50.52
p<0.001

Χ2=45.82
p<0.001

Χ2=54.94
p<0.001

Χ2=37.58
p<0.001

Macrophytes

1935 (346)a

408 (99)a

1526 (276)ac

952 (160)ac

575 (122)ac

204 (27)a

Pools

5800 (530)b

1451 (404)b

4349 (416)a

1843 (187)a

Woody Debris

111 (23)c

97 (22)a

14 (2)b

6 (1)b

8 (1)bd

NA

Sandy Runs

784 (83)a

200 (70)a

585 (27)c

531 (24)c

53 (6)cd

42 (5)c

Habitat

* Total POM = CPOM + FPOM and does not include UFPOM
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2506 (280)a

535 (44)b

Table 13. Percent of mean organic matter levels in each size class.
Percents are calculated using means found in Table 12. CPOM =
course particulate organic matter, FPOM = fine particulate organic
matter.
Habitat

CPOM
>1 mm

FPOM1
FPOM2
1 mm-250 µm 250 µm -63 µm

Macrophytes

21.1%

49.2%

29.7%

Pools

25.0%

31.8%

43.2%

Woody Debris

87.4%

5.4%

7.2%

Sandy Runs

25.5%

67.7%

6.8%
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Table 14. Mean Chlorophyll-a levels (SE) mg·m-2 for each habitat type including Sandy Runs.
One-way analysis of variance followed by a TukeyHSD. Significance is indicated by different
lowercase letters (α = 0.05).

Habitat

Year Avg
F3,44 = 0.70
P=0.560

Chlorophyll-a Levels (mg·m-2)
October
December
June
F3,44 = 0.25 F3,8 = 4.28
F3,8 = 12.91
P=0.862
P=0.044
P=0.002

April
F3,8 = 9.31
P=0.005

Macrophytes

88.3 (18.1)a 16.2 (2.5)a

60.4 (10.4)ab

158.0 (21.0)a

118.4 (28.0)a

Pools

51.6 (8.0)a

54.3 (18.3)ab

69.7 (5.1)bc

68.5 (4.8)a

Woody Debris

14.0 (3.5)a

102.1 (43.6)a 13.9 (3.3)a

24.2 (6.9)a

Sandy Runs

98.3 (17.0)a 13.0 (1.1)a

118.2 (30.9)b

Macrophytes:
Wooden Dowels

12.2 (4.1)*

7.8 (3.8)*

Macrophytes:
8.1 (0.8)*
7.2 (1.6)*
Fake Plants
* Not included in the statistical analysis
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47.4 (0.6)b

322.9 (94.5)b

125.3 (18.2)ac 136.6 (11.2)ab

16.5 (7.0)*

NA

NA

9.14 (0.4)*

NA

NA

Discussion
Invertebrates
Sandy streams, such as Cedar Creek, often have low invertebrate densities and
diversity due to constantly shifting substrate and the poor retention of organic matter by
sand (Huryn et al. 2008), and analysis of July invertebrates and organic matter support
this statement. In July, sandy runs contained approximately 1/3 to 1/10 the invertebrate
densities of the other three habitats in addition to having lower taxa richness and diversity
(Table 2). With this in mind, woody debris in sandy streams becomes an important
habitat for invertebrates. For example, in a Lower Coastal Plain river in Georgia, Benke
et al. (1984) found snags to have a higher density of invertebrates than organic mud
substrates, but around the same densities as sand. However, when converted to standing
stock biomass, snags far surpassed both mud and sand. Other studies confirm the
importance of woody debris in streams. For example, Johnson et al. (2003) found that
taxa richness was highest on woody debris compared to pools, sand, and in macrophyte
beds in Eastern Michigan streams of similar size to Cedar Creek. Woody debris
accounted for 86% of the total taxa in Michigan streams, and 96% in Minnesota streams.
The addition of woody debris to wood poor streams can increase invertebrate production,
although a study by Entrekin et al. (2009) observed mixed results. Specifically, two
years following the addition of woody debris to low gradient streams in the Upper
Peninsula of Michigan only one stream out of three showed an increase in secondary
production within the main channel after the addition of wood, and one stream actually
showed a decrease. However, retained coarse organic matter (not present before the
addition of wood) had higher production rates than on main channel woody debris,
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indicating it is not necessarily the addition of wood that increases production, but also the
retention of organic matter.
Although wood encompassed approximately 21% of the habitat sampled, it
provided the highest diversity and taxon richness. Invertebrate mass was slightly higher
on woody debris than in pools, even though pools had higher total invertebrate densities.
This is due to the larger size of invertebrates found on woody debris (e.g. hydropsychids
and simulids) compared to those found in pools (e.g. chironomids). Although not
measured, woody debris likely contributes to a large portion of the drifting invertebrates.
In a stream with plentiful substrate for invertebrates, the removal of woody debris may
have little effect, or may even increase invertebrate drift due to the lack of invertebrate
food-source retention (Siler et al. 2001). However, when solid habitat is a limiting
factor, as in a sand-bottomed stream, wood can be a large source for invertebrate drift.
For example, Benke et al. (1986) found that wood snags contributed to 72-81% of the
invertebrate drift in a sand dominated Coastal Plain river in southeastern Georgia.
Woody debris is not just important as a substrate for invertebrates; it also plays an
important role in structuring the stream morphology. An ecosystem engineer is an
organism that changes the availability of resources to other species (Jones et al. 1994).
Woody debris in itself is not a living organism, but through extension to riparian trees,
they act as an ecosystem engineer. Woody debris can increase stream width, decrease
water velocity, increase sediment deposition, create pools and fish cover, or even destroy
fish spawning habitat by increasing sedimentation (Shields & Smith 1992; Gurnell et al.
2002; Kail 2003; Wallerstein & Thorne 2004; Dumke et al. 2010; plus others). Within
the study reach, I witnessed the effect of woody debris on other habitats; the entrapment
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of a 5 cm diameter branch on an upstream log caused the almost complete loss of a very
dense, 1.5 m long x 1 m wide macrophyte bed.
Woody debris increases abiotic diversity and habitat heterogeneity, thus increases
biotic diversity (Wallace et al. 1995). Valett et al. (2002) argue that in old-growth forest
streams, their presence results in greater nutrient retention in three ways; 1) retention of
fine sediments thus increasing surface area for biological activity, 2) reducing the
downstream transport of organic matter, and 3) providing substrate for microbial activity.
In Cedar Creek, pools (shallow organic matter pools, or deep pools) were often found just
upstream of woody debris. In addition, macrophyte beds were often found downstream
of woody debris, suggesting the heterogeneity in water velocity caused by the wood
allowed for the establishment of the macrophyte beds.
As with woody debris, macrophytes are often associated with increases in
invertebrate taxa richness and abundance (Gregg & Rose 1985; Tod & Schmid-Araya
2009). This study is not an exception. When considering macrophyte beds based on area
of stream bottom sampled, there is no significant difference in taxa richness and diversity
in habitat types. However, invertebrate density in macrophyte beds is twice that of
woody debris, and more than 2.5 times higher than in pools. If chironomids are
considered, the gap between habitats increases. Macrophytes also produce a large portion
of the invertebrate standing stock biomass. Macrophytes encompass the smallest habitat
sampled at 10.2%, but produce 25% of the invertebrate biomass (Figure 8). The
differences between macrophytes and the other habitats are based, in-part, on available
surface area. As the structural complexity of macrophytes increase, the quantity of
invertebrates inhabiting them also increases (Jeffries 1993). Elodea plants can be
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considered complex having many small leaflets and branches supplying attachment
points for dozens of invertebrates within a short segment of plant (E. Krynak, personal
observation). As evidence for this, invertebrate densities in macrophytes become
significantly less than pools and woody debris when calculations are adjusted for total
plant surface area (Figure 7). As with wood, macrophytes provide an attachment point
that is more stable and permanent compared to the surrounding habitats. In addition,
complexity of macrophytes provides further benefits over other substrates.
Like woody debris, macrophytes can also be classified as ecosystem engineers
due to their modifications to the stream environment (Jones et al. 1994). The presence of
macrophytes increases the number of invertebrates and likely increases the nutrient levels
within the sediments. Wharton et al. (2006) found that blackfly larvae consolidate seston
and through fecal production greatly contributes to the FPOM levels within Ranunculus
stands. Within the Elodea beds of Cedar Creek, Simulidae were one of the more common
taxa (Table 6), though not nearly as numerous as the Chironomids. Pringle (1985)
suggests that tube producing larval chironomids defecate in their tubes trapping the feces,
reducing downstream dispersal, and creating micropatches of nutrients. My macrophyte
samples contained large numbers of chironomid tubes found within the sandy substrate
along with Simulidae larva, thus likely increasing the nutrient content trapped within the
macrophyte mesohabitat. I would also suggest that the consolidation of sand within the
chironomid tubes also contributes to the stability of the macrophyte beds.
With the trapping of POM and the effects of invertebrates, Elodea beds are likely
to modify how and when nutrients spiral within the system. Depending on temporal
changes in plant growth and senescence, and stream velocity, macrophyte beds can act as
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a nutrient sink or source (Hill 1979; Chambers & Prepas 1994; Dawson 2006). The
plants themselves may store nutrients only to release them as they fragment and senesce,
creating no net change in nutrient flow, but adjusting the temporal availability of the
nutrients (Hill 1979). The physical characteristics of the macrophyte bed itself may cause
a stalling of stream nutrients. Porewater within macrophyte beds has been found to
contain higher levels of soluble reactive phosphorus (SRP), NH4, and Fe2+ relative main
channel sediments (Chambers & Prepas 1994). Through decreased water velocities and
the retention of POM, macrophyte beds have been found retain portions of the total load
phosphorus and nitrogen up to 12.2% and 2.5% respectively (Schulz et al. 2003).
During the timeframe of this study, Elodea beds experienced senescence, but not
completely. Through the yearlong retention of plants, POM, and raised sediment
surfaces, macrophyte beds within Cedar Creek are likely to reduce the length of nutrient
cycling.
Invertebrate assemblages were found to be unique among each of the sampled
habitats as indicated by the NMDS, ANOSIM, and SIMPER. Of the sampled parameters,
total POM and stream velocity appear to be the largest driver of these differences based
on fitted vectors (Figure 10 & Table 5). As with the macrophyte habitat in the PCA,
macrophyte invertebrate assemblages fall in-between pools and woody debris in
multivariate space. When considering the velocity and total POM vectors, the
invertebrate assemblages in macrophytes are subjected to intermediate levels of these two
variables compared to woody debris and pools. Convex hulls (Figure 11) help to
visualize several differences in regards to the invertebrate communities. Polygons of
macrophyte replicates appear to be more elongated than pools or woody debris polygons
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suggesting invertebrate assemblages among replicate samples had higher variation. This
may be a result of (i) different densities of Elodea within the replicate samples causing
differences in invertebrate densities; (ii) a function of macrophyte bed location in relation
to pools or woody debris that would feed invertebrates to macrophytes; or (iii) a result of
some unrecognized combination of parameters. Since convex hulls connect points within
the same sample month, distance separating polygons among each habitat type can be
related to differences in month to month samples. The higher occurrence of overlapping
polygons and polygons in close proximity to each other in woody debris and pools
suggests less temporal difference in these habitats than in macrophytes. Temporal
differences in invertebrate assemblages likely reflect invertebrate life cycles along with
the temporal changes of physical-chemical parameters. However, in the macrophyte beds
there is the added stress of plant density fluctuation due to plant senescence or high water
events (Figure 9). The NMDS results and their interpretation must be taken with
precaution due to the high stress level, although large samples inevitably lead to
increased stress (Clarke 1993).
Chironomidae, if included in the SIMPER analysis would dominated the results.
When chironomids are excluded, five taxa, Gammarus, Baetis, Simulidae,
Ceratopogonidae, and Hydropsyche (Ceratopsyche), are driving the dissimilarity between
pooled habitat types with a combined contribution of almost 70% (Table 6). The taxon
found on woody debris compared to pools is very different. Macrophytes, on the other
hand, have taxa found both on woody debris and in pools. Ephydridae was the only taxa
found in high densities within macrophytes and not within woody debris or pools. The
Ephydridae were found skeletonizing the leaflets of Elodea plants. The few that were
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found on woody debris were within Elodea plants that had become entrapped on the
wood.
Macrophyte beds provide habitat beneficial to a wide range of invertebrates. The
plants themselves offer a semi-stable substrate with some water flow that would appeal to
rheophilic invertebrates, such as collector-filterers, that would be found on woody debris.
In addition, macrophyte beds offer a substrate that has lower water velocity and
disturbance than the main channel and thus higher POM deposition for shredding
invertebrates such as Gammarus that would be found in the pools (Table 6 & 7). The
quantity of organic matter found in macrophyte beds may also play a role in the higher
density of invertebrates. In a sand dominated northern Michigan stream, Yamamuro and
Lamberti (2007) found invertebrates colonized experimental chambers with low levels of
organic matter in higher densities than chambers with no or high levels of organic matter.
The mean level of organic matter found in Elodea macrophyte beds fall at the high end of
what Yamamuro and Lamberti were classifying as low.
Chironomids were present in all habitats in large numbers, but especially within
macrophytes. There are two likely reasons for the differences. First, the added surface
area of the macrophytes increases the habitat available for Chironomids. Second, the
roots of the macrophytes add stability to the sand. Even in March when Elodea plants
were sparse, macrophyte beds were discernible within the stream by the raised surface,
and still contained large quantities of chironomids. In addition, macrophytes and pools
supported a community of chironomids that were slightly larger than those individuals
found on woody debris. Specifically, 42-46% of chironomids in pools and macrophytes
were 2 mm or less, whereas 66% of chironomids on woody debris were 2 mm or less.
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The inability of chironomids to burrow into the wood, along with the likely hood of
differing species of chironomids is a probable explanation for this pattern. In addition, a
portion of the woody debris samples were small in diameter, thus providing little holding
space for larger chironomids.
Although woody debris contained smaller chironomids than both pools and
macrophytes, it is possible that a significant number of small chironomids were lost. The
mesh size of 250 µm used to sample the woody debris may have allowed smaller
chironomids to pass through. Benke et al. (1984) suggests that even the 100 µm sized
sieves used in their study may not have retained a significant number of first instar
chironomids. According to Storey and Pinder (1985), a mesh size of 125 µm allowed
approximately 39% of living chironomids to pass through whereas only 6% of preserved
chironomids were not retained. They suggest it is likely that living chironomids have the
ability to burrow through the smaller mesh size. In fact, even using the 53 µm mesh net
to decant samples, I witnessed chironomids forcing their way through the mesh. It is
likely that in the time it took to sample the woody debris, some chironomids were able to
work their way out of the net, thus reducing chironomid and total invertebrate density on
woody debris. However, the small size of escaping chironomids likely had limited effect
on total mass lost.

Chemical-Physical Characteristics
The differences in the invertebrate assemblages among habitat types are most
likely explained by the differing chemical and physical characteristics of the habitats.
Temperature, conductivity, and pH had the highest loadings in PC1 (Table 11), and
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accounts for the majority of variance among samples. When samples are coded by
month, there is separation within the biplot along PC1 corresponding most strongly with
these variables (Figure 13). However, there is no clear pattern associated with these
variables if samples are coded for habitat type (Figure 14). This suggests that habitats are
affected by temperature, conductivity, and pH in similar ways. PC2, with highest
loadings from velocity and total POM, accounts for the second highest amount of
variation among samples. When samples are coded by mesohabitat type, there is
separation within the biplot along PC2 corresponding most strongly with velocity and
total POM (Figure 14) indicating habitat differences in these variables. Turbidity has the
highest loading in PC3. However, when PC3 is plotted (plots not shown), there is no
clear pattern with samples coded for month or mesohabitat type. Turbidity may be
responsible for a higher portion of variance among samples, but it is not a parameter that
separates samples by habitat or month. It should be noted that the sondes used to record
abiotic factors are designed for use on a larger scale and may not have the resolution for
some of the smaller mesohabitats.
As predicted, woody debris experienced higher velocities and pools had higher
organic matter levels; macrophyte beds were intermediate. Sampled woody debris was
always within or near the main flow of the stream, whereas the organic matter pools were
located along stream margins, thus allowing for the deposition of organic matter.
Macrophyte beds tended to be located along the stream margins as well or separating the
main flow from the organic matter pools. The location of macrophyte beds is likely the
result of hydrologic heterogeneity, but at the same time, they affect stream velocities and
morphology, and sediment deposition, thus representing an example of autocatalysis,
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Elodea plants cause changes in the stream bed that enhance their own growth (Ingegnoli
& Pignatti 2007; Rietkerk & van de Koppel 2008). Sand-Jensen (1998) found that
macrophytes, including Elodea canadensis, can increase sedimentation and thus raise the
sediment surface level within macrophyte beds compared to upstream sediment levels. In
addition, macrophytes have been found to reduce velocity by 1.3 – 3.5 times compared to
expected velocities in their absence (Sand-Jensen et al. 1989). Elodea plants have been
shown to reduce velocity to 14% of velocities 20 – 80 cm upstream of the beds (SandJensen & Mebus 1996). In this study, macrophyte beds often had lower velocities that
the sandy runs (figure 14), and through personal observation of the beds it was obvious
their sediment surface was much higher in the water column than the sediment of sandy
runs.
Temperature differences within a stream reach have the potential to affect the
invertebrate community. Kaller and Kelso (2006) found that clearing the riparian zone
caused an increase in stream temperature but only had limited effects on the invertebrate
assemblage. However, Kaller and Kelso (2006) were focused on the assemblage as an
entirety. Imholt et al. (2009) focused their view not on the assemblage, but on the
biological characteristics of one species. By monitoring Baetis rhodani sizes along
shaded and open stream reaches in a 5 km stretch of a upland Scottish stream, they found
significant differences in larval growth and emergence times. Within this study, daily
minimum temperatures revealed a difference between pools and woody debris although
this difference must be viewed with caution given that these temperature readings were
taken from only one of each type of habitat. In addition, instantaneous temperature
measurements taken during invertebrate sampling showed no difference between habitat
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types. It is unlikely that temperature differences between habitat types played a role in
invertebrate community differences within the study reach of Cedar Creek; rather, other
variables such as velocity, substrate type, or organic matter were more important.

Organic Matter
Pools and macrophyte beds consistently contained more organic matter than
woody debris and sandy runs, with FPOM dominating the composition. Similarly, SandJensen (1998) demonstrated that lower velocity within macrophyte beds contributed to
the increased fine organic matter compared to surrounding habitats lacking plants. In the
River Spree, a 6th order stream in Germany, velocity was identified as the major factor
affecting organic matter levels in various habitats (Wanner et al. 2002). Even more
telling are the results reported by Wanner and Pusch (2001) when examining both the
short and long term retention, and quality, of organic matter in macrophyte beds and
shifting sands. They concluded that macrophyte beds contained the greatest amount of
organic matter compared to shifting sands and stored the organic matter for a greater
period of time. However, the quality of organic matter, as determined by protein:PN
(particulate nitrogen) and C:N ratios, within the sands were greater than that found in the
macrophytes. In Cedar Creek, the pools in addition to the macrophytes are likely to store
organic matter for long periods of time given the low variability in discharge (Table 10).
Because of water column location, woody debris is unlikely to store POM for long time
periods given higher water velocity. Any organic matter retention by woody debris is
likely a function of particle size and trapping ability of the wood. This is evident in the
results by the quantity of CPOM found on woody debris compared to FPOM (Table 12
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&12). Woody debris was most efficient at trapping coarse organic matter that was
generally composed of abscised tree leaves, and including some loose Elodea plants, both
of which wrap easily around woody debris and becomes entrapped.

Chlorophyll-a
Chlorophyll-a concentration can vary greatly between habitat types and between
aquatic systems. For example, in six Ontario, Canada streams, similar in size to Cedar
Creek, chlorophyll-a concentration in sand ranged from approximately 5 mg·m-2 to 75
mg·m-2 (Cattaneo et al. 1997). In the River Spree, a large stream in Germany, Werner
and Köhler (2005) found the concentration of chlorophyll-a in sand ranged from 35 - 45
mg·m-2. Both of these studies found concentrations lower than my annual means (Table
14). Conversely, my samples were less than the yearly means presented by Ogdahl et al.
(2010) for Cedar Creek and the Muskegon River (210 mg·m-2 and 181 mg·m-2
respectively). My findings for mean chlorophyll-a biomass on woody debris are much
larger than found in other studies. In Ladberger Muehlenbach, a lowland stream in
Germany with similar sandy bottom, discharge, riparian zone, and temperatures, but
approximately 10 degrees farther north in latitude than Cedar Creek, submerged pine
branches had mean chlorophyll-a concentrations of 1.8 mg·m-2 in February to 14.5 mg·m2

in May (Spanhoff, Reuter, & Meyer 2006). In both Cedar Creek and the Muskegon

River, Ogdahl et al. (2010), found low chlorophyll-a concentration on wood (2.82 mg·m-2
and 7.45 mg·m-2 respectively) compared to this study. Extremely high numbers in April
compared to the other months is the reason behind the high mean for woody debris
chlorophyll-a concentration (Table 14). Chlorophyll-a concentrations can be affected by
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ambient light level and season, with the highest values typically in the spring and again in
the fall when trees are leafless (Hill & Dimick 2002). In this study there was an increase
in chlorophyll-a concentration in every habitat from October to December (Table 14)
possibly reflecting leaf loss and increased sun exposure between the two months. A
distinctive golden brown tint to the sand of Cedar Creek during the December sampling
date may be linked to increased diatom production. I also found higher chlorophyll-a
concentrations within the macrophyte beds than did Ogdahl et al. (2010) who recorded a
mean chlorophyll-a concentration of 5.69 mg·m-2 sampled from acrylic rods used as plant
surrogates. In this study, both the artificial plants (8.8 and small wooden dowels (12.2
mg·m-2) surpassed Ogdahl et al.’s acrylic rod levels, as did the substrate samples taken
from within the macrophyte beds (88.3 mm·m-2). If the amount of plant surface area
available within each m2 of macrophyte bed is considered, the importance of epiphytic
algae becomes even more apparent. Epiphytic algae have been shown to be an important
food source to macrophyte dwelling invertebrates (Croteau et al. 2005; Jaschinski et al.
2011; Strimaitis & Sheld 2011). By considering chlorophyll-a concentration within
plants and substratum, a more complete picture of the chlorophyll-a production within
macrophyte beds is presented than would use only plant surrogates. If chlorophyll-a
within the substrate is excluded, a potential resource for substrate residing invertebrates is
being ignored. On the other hand, there is some evidence that Elodea plants are capable
of producing growth inhibiting chemicals, thus making Epiphytic algae on Elodea an
unlikely food source (Erhard & Gross 2006).
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Conclusions
Mesohabitats within Cedar Creek differ somewhat in their abiotic factors,
especially stream velocity and particulate organic matter. These habitats also differ in
amounts of structural complexity. Observed differences in habitat characteristics are
reflected in the differences in diversity, density, and mass of the taxa observed among
mesohabitats. Specifically, woody debris and macrophytes harbor higher richness and
diversity compared to pools, and macrophytes have higher densities and biomass
compared to woody debris and pools. If July results for sandy runs are considered as
representative for the entire year, the importance of habitat heterogeneity in a sand
dominated stream becomes strikingly apparent. In a sandy system such as Cedar Creek,
invertebrates take advantage of any semi-stable habitat with which they come into
contact. For example, approximately 50 m upstream within an imbedded, mixed gravel
and cobble patch sampled in June, a mean of 16,188 ind·m-2 of total invertebrates were
found with 12,000 being chironomids (Jackie Taylor, unpublished data). This suggests
the system is habitat limited, not resource limited.
Observations from this study hint that mesohabitats within this system reside in a
precarious state of metastability (O’Neill et al. 1989) (Figure 15 & 16). Macrophyte beds
experience seasonal ebb and flow as plants senesce and reestablish. On longer temporal
scales they experience shifts as local hydrology changes with discharge and the
movement of woody debris. Woody debris changes minimally within a year, but over
multiple years they likely fluctuate as spates move trees downstream and surrounding
riparian zone contributes additional wood. Organic matter pools suffer or expand at the
whim of woody debris and macrophyte bed shifts, and they respond to changes in stream
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bank structure and the occasional flushing flood. Finally, sandy runs shift in response to
thalweg movement directed by in-stream obstructions such as woody debris and
macrophyte beds. This mesohabitat-scale shifting mosaic, a small-scale version of the
shifting habitat mosaic (Hauer & Lorang 2004 citing Hauer et al. 2003), likely resides in
a steady state over decade long temporal scales, or longer, barring human intervention.
Though benefits of wood and macrophytes seem obvious, their removal from
waterways to improve navigation and aesthetics, and to reduce flooding, was once
commonplace (Benke et al. 1985) and still continues today. In sand dominated streams,
removal of woody debris or the increase of discharge due to development may cause a
deepening of the channel, increased water velocity, and an environment unfavorable for
macrophyte beds and organic matter pools. What historically was a steady state would
likely experience a redistribution or complete loss of macrophyte beds, reduced organic
matter and sediment retention, and increased nutrient spiraling length. In Cedar Creek,
removal of these invertebrate hotspots would result in reduced habitat heterogeneity,
likely lower invertebrate production, and likely cause ramifications to other trophic
levels. Although wood can be added to a stream (either naturally or anthropogenically)
and fairly quickly colonized by invertebrates, macrophyte beds take time to reestablish a
stable substrate and to produce plant biomass before they become available to
invertebrates. Conversely, water drawdowns for agriculture or human consumption may
lower water levels and reduction stream velocity, thus opening the door for increased
macrophyte beds and longer organic matter retention. Through time a new steady state
will take hold resulting in new ecological state and a change in biota.
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This study is only a small part of the research that needs to be done before
mesohabitat designations can be applied to other stream reaches within Michigan. This
study covered twelve months, but would benefit from continued monitoring over a stretch
of several years to determine long term invertebrate assemblage densities and changes.
Research into riparian and longitudinal affects of the stream on mesohabitat structure and
function would also add valuable knowledge to the management of Michigan streams. In
addition, testing the predictive ability of mesohabitat types for invertebrate assemblages
and production within other stream systems would be highly desirable and beneficial.
Long term observations of the mesohabitat mosaic along with simulated interventions
may provide valuable insight into steady state shifts in the event of natural or
anthropogenic environmental changes. For example, how would the mesohabitat mosaic
change as a result of increased agricultural water demand and thus the reduction of water
levels and increased water temperatures?
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Figure 15. Mesohabitat mosaic conceptual figure. Changes of relative mesohabitat
abundance within a stream reach over 3 years. The arrow represents a partial loss of
woody debris.
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Figure 16. Mesohabitat mosaic conceptual figure showing the effects of a major
environmental disruption. Changes of relative mesohabitat abundance within a stream
reach over 3 years. The arrow represents a complete loss of woody debris followed by
the consequences to the remaining habitats.
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